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Tobacco (Nicotiana tabacum) Bright Yellow-2 (BY-2) cells can be grown in medium containing
indole-3-acetamide (IAM). Based on this ﬁnding, the NtAMI1 gene, whose product is functionally
equivalent to the AtAMI1 gene of Arabidopsis thaliana and the aux2 gene of Agrobacterium rhizog-
enes, was isolated from BY-2 cells. Overexpression of the NtAMI1 gene allowed BY-2 cells to prolif-
erate at lower concentrations of IAM, whereas suppression of the NtAMI1 gene by RNA interference
(RNAi) caused severe growth inhibition in the medium containing IAM. These results suggest that
IAM is incorporated into plant cells and converted to the auxin, indole-3-acetic acid, by NtAMI1.
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The plant hormone auxin, which is predominantly represented
by indole-3-acetic acid (IAA), is involved in the regulation of plant
growth and development, including cell division and elongation,
differentiation, tropisms, apical dominance, senescence, abscission,
and ﬂowering [1,2]. Two major pathways for IAA biosynthesis have
been proposed: the tryptophan (Trp)-dependent and Trp-indepen-
dent pathways [2]. In Trp-dependent IAA biosynthesis, several
pathways have been postulated in plants: the indole-3-acet-
aldoxime (IAOX) to indole-3-acetonitrile (IAN) pathway, the IAOX
to indole-3-acetaldehyde (IAD) pathway, the tryptamine (TAM)
to IAD pathway, and the indole-3-pyruvic acid (IPA) to IAD path-
way (Fig. 1).
Although auxin was the ﬁrst plant hormone identiﬁed, little is
known regarding the genetic basis of the key enzymes involved
in the IAA biosynthetic pathways. Until now, only a few genes have
been identiﬁed in several plant families, such as CYP79B2 and
CYP79B3 involved in the conversion of Trp to IAOX [3–5], NIT1–
NIT3 (IAN? IAA) [6–8], YUCCA (TAM ? N-hydroxyl TAM) [5,9],chemical Societies. Published by E
of Bioscience, Tokai Univer-
. Fax: +81 55 968 1156.
. Mano).atAO and zmAO (IAD? IAA) [10–12], and TAA1 (Trp? IPA)
[13,14] (Fig. 1).
In transgenic plants infected with Agrobacterium rhizogenes, IAA
is synthesized from Trp by a two-step reaction as a result of
expressing the integrated genes aux1 and aux2 of the root-inducing
(Ri) plasmid [15,16]. Trp can be converted by the aux1 gene prod-
uct tryptophan monooxygenase to indole-3-acetamide (IAM),
which is then converted by indoleacetamide hydrolase, the aux2
gene product, to IAA (Fig. 1). In a previous study, we showed that
overexpression of the aux1 gene alone is sufﬁcient to allow the ra-
pid growth of tobacco BY-2 cells in the absence of auxin [17], sug-
gesting the existence in plant cells of an unidentiﬁed gene whose
product is functionally equivalent or similar to that of the aux2
gene. Interestingly, IAM is found in Arabidopsis seedlings at levels
similar to that of free IAA [18], and an AtAMI1 gene, which is in-
volved in the conversion of IAM to IAA, has been isolated from Ara-
bidopsis thaliana [19]. Although biochemical analysis has shown
that the AtAMI1 gene product is indole-3-acetamide hydrolase
and that it is involved in de novo IAA synthesis in A. thaliana
[20,21], genetic analysis with AMI1 transgenic plants has not been
reported previously.
To elucidate whether the AMI1 gene generally functions in the
IAA biosynthetic pathway, we attempted to isolate the indole-3-
acetamide hydrolase gene from Nicotiana species. In this study,lsevier B.V. All rights reserved.
Fig. 1. Presumptive pathways of IAA biosynthesis from tryptophan. Solid arrows indicate IAA biosynthetic pathways proposed to take place in plants and bacteria. Dashed
arrows indicate the T-DNA-encoded auxin biosynthetic pathway proposed to occur in the plant cells transformed by Agrobacterium. The thick arrow indicates the novel
pathway found in Arabidopsis and Nicotiana.
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revealed the indole-3-acetamide hydrolase activity in its product,
and analyzed its genetic function by establishing transgenic cell
lines overexpressing or suppressing NtAMI1.
2. Materials and methods
2.1. Measurement of plant cell growth
The suspension-cultured tobacco cell line BY-2 and its trans-
genic cell lines were grown in Linsmaier-Skoog liquid medium
(LS medium) [22] containing 0.2 lg mL1 2,4-dichlorophenoxyace-
tic acid (2,4-D) (LSD medium) at 25 C in darkness, washed twice
with LS medium, and cultured in LS liquid medium without auxin,
as described previously [17]. The cells were harvested, then spread
and cultured on LS solid medium containing the chemical com-
pounds to be tested. Plant cell growth was measured on the basis
of dry weight, as described previously [17].
2.2. Isolation of the NtAMI1 gene and construction of overexpression or
suppression vectors
Total RNA was prepared using an RNeasy Plant Mini Kit (Qia-
gen) from BY-2 cells grown for 2 days in LS liquid medium contain-
ing 104 M IAM, and subsequently treated with RNase-free DNase I
(Sigma–Aldrich) according to the manufacturer’s manual. To ob-
tain cDNA, 500 ng of RNA was reverse-transcribed with RNase H-
MMLV reverse transcriptase (TaKaRa) using the SMARTTM RACE
cDNA Ampliﬁcation Kit (Clontech). Both 50- and 30-rapid ampliﬁca-
tion of cDNA ends (RACE) were performed according to the manu-
facturer’s manual. The resultant ﬁrst-strand cDNAs were ampliﬁed
with primers made by referring to the base sequence of the AtAMI1
gene, and sequenced to design primers to obtain the full-length
cDNA.
Finally, RNA was reverse-transcribed with AMV Reverse Trans-
criptase XL and Oligo dT-RA primer (TaKaRa), and the resultant
cDNAs were ampliﬁed using Pfu Turbo DNA Polymerase (Strata-
gene) with the forward primer InAF-19 (50-GCATCTAGACAT-
CCTGTAAGTCCTCTGTTAGG-30) and the reverse primer InAR-17
(50-AAGAATCTAGAAAACAGTGGAGGATGTCAAG-30) (underlines
indicate XbaI sites). The resultant full-length cDNA of NtAMI1
was digested with XbaI and cloned into the XbaI site of pBluescript
II SK+ (Stratagene), and the construct pIAM20 was sequenced. The
XbaI-digested fragment was also subcloned into the XbaI site of
pER1A [17] and used as the entry vector to transfer the NtAMI1
gene into the binary destination vector pBCR-79 [23] for overex-
pression, or pBCR-80 [24] for suppression by RNA interference
(RNAi) of the target gene via the Gateway system (Invitrogen).
The resulting plasmids, pNtAM and pNAi, were used to produce
transgenic plant cells that were overexpressing or suppressing,
respectively.2.3. Production and puriﬁcation of the GST-NtAMI1 fusion protein
To construct the expression vector of the glutathione S-transfer-
ase (GST)-NtAMI1 fusion protein, a coding region of the NtAMI1
gene was ampliﬁed using Pfu Turbo DNA Polymerase (Stratagene)
with the forward primer InAF-18 (50-AATCTCTAGATCCTGTAA
GTCCTCTGTTAGG-30) and the reverse primer InAR-17 and pIAM20
as template, and the PCR product was cloned into the SmaI site of
the GST gene fusion vector pGEX-5X-1 (Amersham). The resulting
plasmid pGS-amiT was introduced into Escherichia coli strain XL1-
Blue.
E. coli strains XL1-Blue (pGS-amiT) and XL1-Blue (pGEX-5X-1)
were grown at 30 C in 200 mL of Luria–Bertani medium contain-
ing 50 lg mL1 ampicillin until the cell OD610 reached 0.6. Protein
expression was induced with 0.4 mM isopropyl-1-thio-b-D-galac-
topyranoside (IPTG) while incubating at 25 C for 16 h. Cells were
harvested, frozen and disrupted with mortar and a pestle. The cell
lysate was applied on the Glutathione Sepharose 4B MicroSpin col-
umn (GE Healthcare), and the protein was puriﬁed according to the
manufacturer’s protocol of MicroSpin GST Puriﬁcation Module (GE
Healthcare). After eliminating glutathione from the eluate using
Vivaspin 2 (Vivascience), the puriﬁed protein was dissolved in
50mM potassium phosphate buffer (pH 7.4).
2.4. Measurement of indole-3-acetamide hydrolase activity
Indole-3-acetamide hydrolase activity was assayed using 9.6 lg
of protein in 120 lL of 50 mM potassium phosphate buffer (pH 7.4)
containing 2 mM IAM. The reaction was carried out at 30 C for
35 h, and the reaction mixtures were heated at 100 C for 10 min
to stop the reaction every 5 h. Aliquot (5 lL) of each sample was
applied to Silica gel 60 TLC plate (Merck). The TLC plate was
developed in iso-propanol/methyl acetate/28% NH4OH, 9:7:4 (v/
v). Indole compounds were detected with a p-dimethylaminocin-
namaldehyde (DMACA) solution [25].
2.5. Genomic DNA isolation
Nicotiana sylvestris, N. tabacum L. Bright Yellow-2 (BY-2), and N.
tomentosiformis (seeds kindly provided by Japan Tobacco Inc.) were
sown and cultured axenically in LS solid medium in a growth
chamber at 25 C with 8-h dark/16-h light cycles. Genomic DNAs
were isolated from BY-2 cells and the leaves of these cultured
plants using a DNeasy Plant Mini kit (Qiagen).
2.6. Southern blot hybridization analysis
Genomic DNA of BY-2 cells was digested with BamHI, EcoRI, or
HindIII, separated by 0.8% (w/v) agarose gel electrophoresis, and
subjected to Southern blot hybridization as described previously
[17]. A Probe speciﬁc for the 50-upstream region of the NtAMI1 gene
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forward primer InAF-19 and the reverse primer InAR-4 (50-
CCACAATACGATGCAGGAACTC-30) and pIAM20 as template.
2.7. Inverse PCR
Genomic DNA of BY-2 cells was digested with HindIII and li-
gated to serve as a template for inverse PCR [26]. Inverse PCR
was performed to amplify the 50-upstream region of NtAMI1 using
the forward primer InAF-7 (50-GAGTTCCTGCATCGTATTGTGG-30)
and the reverse primer InAR-6 (50-CTGTAAGCCATTTCATCC-30).
The PCR product was cloned into the pGEM-T Easy vector (Prome-
ga) and sequenced.Fig. 2. Growth of BY-2 cells on solid medium containing the precursors in the IAA
biosynthetic pathway. BY-2 cells (40-lL cell volume) were spread on LS agar
medium containing various concentrations of several compounds [Trp (s), IAM (d),
IAN (4), IAA (N), and IAD (j)] and cultured for 2 weeks at 25 C in darkness. Cell
growth is represented by the dry weight (DW). The data are the means ± S.D. of two
independent experiments.
Fig. 3. Amino acid sequence alignment of NtAMI1 with AtAMI1 and Ri aux2. Black boxes
residues (present in more than 65% of the aligned sequences) are highlighted in gray box
amino acid position is given on the left and right of each sequence.2.8. PCR analysis of the genomic DNAs from different Nicotiana species
PCR ampliﬁcation was carried out using LA Taq (TaKaRa), and
the genomic DNAs isolated from different Nicotiana species were
used as templates, the forward primer was InAF-16 (50-TGGA-
CACTTGATAGTAAAGAAAGCCTC-30) and the reverse primer was
InAR-6. The PCR product was cloned into the pGEM-T Easy vector
(Promega) and sequenced.
2.9. Transformation and establishment of transgenic cell lines
The plasmids pNtAM and pNAi were introduced into Agrobacte-
rium tumefaciens GV3101 (pMP90) and used for transformation.
Transgenic BY-2 cell lines were established as described previously
[17].
2.10. Semiquantitative RT-PCR analysis
Experimental procedures and data analyses were similar to
those described previously [17]. In this study, the forward primer
InAF-7, the reverse primer InAR-14 (50-CTGACCTGGCAAAATCCA-
GATACT-30), and the primer set 18S-F2/18S-R2 [17] were used.
Ampliﬁcation was performed with the following program: initial
denaturation at 95 C for 4 min; 30 cycles (20 cycles for the 18S
rRNA gene) at 94 C for 30 s, 60 C for 30 s, and 72 C for 60 s;
and a ﬁnal elongation step at 72 C for 7 min.
3. Results and discussion
3.1. BY-2 cells can grow in IAM-containing medium
In Trp-dependent IAA biosynthesis, several pathways have been
postulated in plants (Fig. 1). To examine the possibility that a pre-
cursor of IAA biosynthesis is utilized for plant cell division, BY-2
cells were cultured in LS solid medium containing IAN, IAD, andwith white characters are identical amino acid residues in all sequences. Conserved
es. The conserved amidase consensus sequence motif is underlined. The respective
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104 M IAM or 105 M IAA, but did not grow in the Trp-, IAN-, or
IAD-containing media, suggesting that IAM is incorporated into
plant cells, followed by conversion into IAA, or that IAM itself
has auxin-like activity.
3.2. Molecular cloning of the NtAMI1 gene from Nicotiana tabacum
BY-2 cells
The IAM feeding experiment (Fig. 2) and our previous ﬁndings
that the overexpression of the aux1 gene of the Ri plasmid allowed
BY-2 cells to grow rapidly in the absence of auxin [17] led us to iso-
late the indole-3-acetamide hydrolase gene from Nicotiana species.
Referring to the sequence information of the Arabidopsis AtAMI1
gene [19] (GenBank accession number NM100769), the full-length
cDNA was isolated from BY-2 cells and designated NtAMI1.
The NtAMI1 gene consists of 1278 bp, encoding a putative pro-
tein of 425 amino acids with a calculated molecular weight of
45052 (GenBank accession number AB457638) and was the same
length as the AtAMI1 gene. The nucleotide and amino acid se-
quences of NtAMI1 showed 63.5% and 65.1% identity to AtAMI1,
respectively (Fig. 3). Note that the sequence homologous to AtAMI1
was found in different dicotyledonous plants. Although the se-
quence of the NtAMI1 gene showed 47.2% identity at the nucleotide
level and only 23.4% identity at the amino acid level to the aux2
gene of the Ri plasmid (GenBank accession number M61151), the
amino acid sequence showed 59.4% identity in the amidase con-
sensus sequence motif among these three genes (Fig. 3). These re-
sults suggest that the NtAMI1 gene product is a sort of amidase, the
indole-3-acetamide hydrolase.
3.3. The NtAMI1 gene encodes indole-3-acetamide hydrolase
To conﬁrm that the NtAMI1 gene product has an enzyme activ-
ity of indole-3-acetamide hydrolase, we constructed the expres-
sion vector pGS-amiT to produce the GST-NtAMI1 fusion protein
in E. coli. Enzymatic assay revealed that the puriﬁed GST-NtAMI1
fusion protein had the enzyme activity converting IAM to IAA
while the GST protein had no activity (Fig. 4). These results show
that the NtAMI1 gene encodes indole-3-acetamide hydrolase.
3.4. The NtAMI1 gene isolated from BY-2 cells is derived from the N.
tomentosiformis genome
Sequence analysis of the genomic DNA of the NtAMI1 gene re-
vealed that a HindIII fragment near the 50-upstream region wasFig. 4. Enzymatic activity of the GST-NtAMI1 fusion protein. The puriﬁed proteins
were prepared from E. coli XL1-Blue cells harboring pGS-amiT or pGEX-5X-1 as
described in Section 2. Samples (5 lL) from the reaction mixture and standard
markers (5 lL) were applied to Silica gel 60 TLC plate. Standard markers (2 mM)
are: (M) indole-3-acetamide (IAM) and (A) indole-3-acetic acid (IAA).2527 bp long (GenBank accession number AB457639) (Fig. 5A).
Southern blot hybridization showed two bands without any back-
ground in each lane of BamHI-, EcoRI-, and HindIII-digested geno-
mic DNA of BY-2 cells when using the 50-upstream region of
NtAMI1 cDNA as probe (Fig. 5A and B). One of two bands in the lane
of the HindIII-digested genomic DNA was 2.5 kb long. Nicotiana
tabacum is a natural allotetraploid derived from ancestors of N. syl-
vestris (the maternal S genome donor) and N. tomentosiformis (the
paternal T genome donor) [27,28]. This indicates that two different
genomic loci within the allotetraploid tobacco genome are homol-
ogous to each other with respect to the NtAMI1 gene, and that the
two pairs of N. tabacum homologs represent orthologous genes.
To determine from which Nicotiana species the NtAMI1 gene
could be isolated, PCR ampliﬁcation was carried out using the
genomic DNAs of N. tabacum, N. sylvestris, and N. tomentosiformis
as templates, and the primer set InAF-16/InAR-6 (Fig. 5C). PCR
analysis showed that two bands, 484-bp and 570-bp fragments,
were present in both N. tabacum BY-2 cells and BY-2 plants. As a
result of sequencing, we conﬁrmed that the NtAMI1 gene corre-
sponds to a 570-bp fragment (Fig. 5A). A single band 484 bp long
was present in N. sylvestris and a single band 570 bp long was pres-
ent in N. tomentosiformis, indicating that the NtAMI1 gene isolated
from BY-2 cells is derived from the ancestral genome of N.
tomentosiformis.
The 484-bp fragment from the N. sylvestris genome and the 570-
bp fragment from the N. tomentosiformis genome were cloned and
designated GNS and GNT, respectively. These PCR fragments were
sequenced to conﬁrm the above assumption (GenBank accession
numbers AB457639–AB457643). The nucleotide sequence align-
ment revealed 99–100% identity between NtAMI1 genomic DNA
(GenBank accession number AB457639) and GNT (GenBank acces-
sion number AB457640) (Fig. 6A). Sequence analysis of GNS (Gen-
Bank accession numner AB457641) revealed that it had a shorterFig. 5. Southern blot hybridization and PCR analysis of the NtAMI1 gene in the
genomes of the allotetraploid Nicotiana tabacum and its ancestors. (A) Map of the 50-
upstream region in the genomic DNA of NtAMI1 isolated from BY-2 cells. Ex 1–4,
exons 1–4; In 1–3, introns 1–3. The thick-and-dashed line (marked Probe) indicates
the probe DNA region used for Southern blot analysis. The actual probe DNA
corresponds to the thick line because it was prepared using cDNA as template. The
thick line in the lower part of (A) shows the location of the PCR products obtained
using the primer set InAF-16/InAR-6. (B) Southern blot hybridization analysis to
detect the copy number of the NtAMI1 gene in BY-2 cells. Genomic DNA isolated
from BY-2 cells was digested with BamHI (lane 1), EcoRI (lane 2), or HindIII (lane 3).
M, HindIII plus EcoRI digests of DIG-labeled lambda DNA (Roche); the exact size of
each fragment is indicated to the left of the gel. (C) PCR analysis to detect the
homologous gene of NtAMI1 in the genome of N. tabacum BY-2 cells (lane 1) and BY-
2 plants (lane 2), N. sylvestris plants (lane 3), and N. tomentosiformis plants (lane 4).
M, 100-bp ladder size marker.
Fig. 6. Sequence homology between the NtAMI1 gene and its ancestral orthologous
genes. (A) Schematic structures of the genomic DNA of NtAMI1 and its orthologous
genes near the 50-upstream region. The percentage scores given in the different
parts of the genomic DNA schematics show the nucleotide sequence identities. GNT,
N. tomentosiformis genomic DNA; GNS, N. sylvestris genomic DNA. (B) Amino acid
sequence alignment of NtAMI1 with the corresponding sequences of GNT and GNS
in the region of exon 1 to exon 2. For details, refer to the legend of Fig. 5.
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identity, showing an overall sequence identity of only 75.7% with
the NtAMI1 genomic DNA. Although the 50-untranslated region of
GNS was only 75% identity with NtAMI1 genomic DNA, the se-
quence in exons 1 and 2 showed a high degree of identity (98–
100%) among these three Nicotiana species and the deduced amino
acid sequence was 96.6–100% identical (Fig. 6B). These results
clearly indicate that the NtAMI1 gene isolated from BY-2 cells is de-
rived from the ancestral genome of N. tomentosiformis.
3.5. Transgenic BY-2 cells overexpressing NtAMI1 can grow in medium
containing lower concentrations of IAM
To examine the function of the NtAMI1 gene in plant cells, we
introduced it into BY-2 cells downstream of the CaMV 35S pro-
moter with a duplicated enhancer region. We obtained 31 inde-
pendent transgenic cell lines. Since these cell lines showed no
signiﬁcant phenotypic difference, the transgenic cell lines BYM-
64, -70, and -74 were chosen as representatives and used for theFig. 7. Growth and NtAMI1 gene expression in transgenic BY-2 cell lines. (A) The growth o
BYRA-41 () cells in LS solid medium containing various concentrations of IAM is represe
the means ± S.D. of two independent experiments. (B, C) Semiquantitative RT-PCR analy
lane 3, BYM-70; lane 4, BYM-74; lane 5, BYRA-6; lane 6, BYRA-9; lane 7, BYRA-41. (B) Ag
quantiﬁed using ImageJ (NIH), are shown in arbitrary units. The relative expression of Ngene expression analysis. In addition, the cell morphologies of
these cell lines were quite similar to those of BY-2 cells (data not
shown).
The BYM-64, -70, and -74 cell lines also grew also in 105 M
IAM-containing medium in which BY-2 cells were unable to grow
(Fig. 7A), and the expression level of NtAMI1 in these cell lines was
2–3-fold higher than that of BY-2 cells (Fig. 7B and C). Since the
NtAMI1 gene isolated from BY-2 cells is derived from the ancestral
genome of N. tomentosiformis (Fig. 6), the increment of transcripts
in overexpressor lines can be the N. tomentosiformis-type of AMI1
gene but not the N. sylvestris-type. It was difﬁcult to distinguish
by RT-PCR which type of the AMI1 gene was present, because the
mRNA sequence showed a high degree of identity (98–100%)
among these Nicotiana species (Fig. 6). These results suggest that
overexpression of the NtAMI1 gene causes elevation of the conver-
sion efﬁciency from IAM to IAA.
3.6. RNAi-mediated suppression of NtAMI1 severely inhibits the
growth of BY-2 cells in IAM-containing medium
To examine whether the NtAMI1 gene affects the conversion of
IAM to IAA in plant cells, we produced 49 independent transgenic
BY-2 cells that suppressed the NtAMI1 gene using an RNA interfer-
ence (RNAi) approach. These transgenic cell lines grew normally in
LS medium containing 2,4-D or IAA, and the cell morphologies of
these cell lines were quite similar to those of BY-2 cells (data not
shown). Since these cell lines showed no signiﬁcant phenotypic
difference, the transgenic cell lines BYRA-6, -9, and -41 were cho-
sen as representatives and used to analyze cell growth and gene
expression in IAM-containing medium.
The growth of BYRA-6, -9, and -41 cell lines was completely
inhibited in IAM-containing medium (Fig. 7A) and the expression
of NtAMI1 in these cell lines was also completely suppressed
(Fig. 7B and C). These results clearly indicate that the NtAMI1 gene
is expressed in tobacco BY-2 cells and is required for the conver-
sion of IAM to the auxin IAA involving in plant cell division. The re-
sults also indicate that IAM itself dose not possess auxin activity.
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